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We report Hall sensor measurements of the magnetic relaxation of Mn12-acetate as a function of
magnetic field applied along the easy axis of magnetization for a series of closely-spaced temperatures
between 0.24 K and 1.9 K. We map out a region in the H − T plane where ground state tunneling
is observed, a region where tunneling proceeds via thermally-assisted tunneling, and a crossover
region where both participate in the relaxation. We observe the occasional absence of ground-state
tunneling under conditions where one would expect it to be present, and suggest a resolution to the
enigma.
Crystals of the high-spin molecular nanomag-
net Mn12-acetate ([Mn12O12(CH3COO)16(H2O)4]·
2CH3COOH·4H2O), exhibit dramatic quantum mechan-
ical phenomena on a macroscopic scale, and have been
the focus of intense interest and investigation in recent
years. Mn12 molecules have recently been proposed as
qubits for quantum computers [1,2]. Such qubits would
have to be operated at millikelvin temperatures where
the ground state tunneling creates a quantum superpo-
sition of spin-up and spin-down states. The study of
ground state tunneling in Mn12 is, therefore, important
for applications.
The magnetic core of the molecules consists of twelve
Mn atoms strongly coupled by superexchange through
oxygen bridges with a ground-state spin S = 10 [3].
These identical weakly-interacting magnetic clusters are
regularly arranged on a tetragonal body-centered lattice.
As illustrated by the double well potential shown in the
inset to Fig. 1, strong uniaxial anisotropy yields a set
of energy levels corresponding to different projections
m = ±10,±9, ....., 0 of the total spin along the easy c-
axis of the crystal. Measurements [4,5] below the block-
ing temperature of 3 K have revealed a series of steep
steps in the curves of M versus H at roughly equal in-
tervals of magnetic field, as shown in Fig. 1, due to
enhanced relaxation of the magnetization whenever lev-
els on opposite sides of the anisotropy barrier coincide in
energy. As demonstrated by the data of Fig. 1, differ-
ent “steps” dominate at different temperatures, indicat-
ing that thermal processes play an important role. The
steps in the magnetization curves have been attributed
[6] to thermally-assisted quantum tunneling of the spin
magnetization.
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FIG. 1. Magnetization versus longitudinal magnetic
field for a Mn12 sample starting from a demagnetized
state, M = 0; data are shown at four different temper-
atures, as labeled. Note the steep segments, or steps,
corresponding to faster magnetic relaxation at specific
values of magnetic field.
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Neutron scattering experiments [7–9] as well as EPR
[10] measurements indicate that Mn12-acetate can be
modeled by the effective spin Hamiltonian:
H = −DS2z − gzµBHzSz −AS
4
z + .......
where D = 0.548(3) K is the anisotropy constant, the
second term is the Zeeman energy, and the third term
represents the next higher-order term in longitudinal
anisotropy with A = 1.173(4)× 10−3 K; additional small
terms that do not commute with the Hamiltonian and
which drive the tunneling (such as transverse internal
magnetic fields, transverse anisotropy) are not explicitly
shown. Within this model, tunneling should occur from
level m′ in the metastable well to level m in the stable
potential well for magnetic fields:
Hz = N
D
gzµB
[
1 +
A
D
(
m2 +m′2
)]
,
where N = |m + m′| is the step number and the level
matching condition is m = −m′ − N . The second term
inside the bracket is smaller than the first so that steps N
occur at approximately equally spaced intervals of mag-
netic field, D/(gzµB) ≈ 0.42 Tesla. Careful measure-
ments have revealed structure within each step due to the
presence of the fourth-order term, AS4z ; the levels do not
cross simultaneously, an effect that is more pronounced
for states that are deeper in the well. This allows identi-
fication of the energy levels that are responsible for the
tunneling observed at different temperatures, magnetic
fields and sweep rates.
The process by which the magnetic moment relaxes to-
ward equilibrium depends on temperature: for tempera-
tures above the blocking temperature, TB ≈ 3 K, mag-
netic relaxation proceeds by over-the-barrier processes;
at intermediate temperatures below 3 K, thermal activa-
tion to an excited state within the potential well is fol-
lowed by tunneling across the barrier; for temperatures
below approximately 1 K, tunneling in Mn12 has been
shown to proceed from the ground state only. Thermal
activation becomes exponentially more difficult as one
proceeds up the ladder to higher energy levels; on the
other hand, the barrier is lower and more penetrable, so
that tunneling becomes exponentially easier. Which level
(or group of adjacent levels) dominates the tunneling is
determined by competition between the two effects. As
the temperature is reduced and thermal activation be-
comes more difficult, the states that are active in the
tunneling move gradually to lower energies deeper in the
potential well.
In this paper we report detailed measurements of the
magnetization of a single crystal of Mn12 in a swept mag-
netic field for a set of closely-spaced temperatures. Our
measurements provide a mapping in the H − T plane of
a region where only thermally-assisted tunneling occurs,
a region where only ground state tunneling is observed,
separated by a crossover region where both participate in
the relaxation. We find that thermally assisted tunneling
gives rise to a single broad feature that cannot be decon-
voluted into a set of lines (either Gaussian or Lorentzian)
associated with the different excited spin states in the po-
tential well. Tunneling from the ground state gives rise
to a separate Gaussian line. Interestingly, the maxima
associated with thermally-assisted tunneling and ground
state tunneling remain separate, while the contributions
associated with the various excited states are unresolved,
even though the field spacing between them is compara-
ble. Confirming earlier reports [11–13], there is an abrupt
transfer of “spectral weight” to ground state tunneling as
the temperature is reduced. We show further that under
some circumstances relaxation that should proceed from
the ground state appears to be missing under conditions
where one would expect it to be present. We describe
this enigma in detail, and offer a possible resolution to
the puzzle.
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FIG. 2. For a set of closely spaced temperatures, the
first derivative of the magnetization with respect to
magnetic field is plotted as a function of magnetic field.
The amplitude is a measure of the rate of magnetic re-
laxation. Selected data points are shown for 0.88 K and
0.24 K only. The remaining curves (unlabeled) corre-
spond to intermediate temperatures 0.88 > T > 0.24
K. Note the substructure within each of the four max-
ima corresponding to steps N = |m′ +m| = 5, 6, 7, 8,
and 9.
The magnetization of small single crystals of Mn12 was
determined from measurements of the local magnetic in-
duction at the sample surface using 10×10 µm2 Hall sen-
sors composed of a two-dimensional electron gas (2DEG)
in a GaAs/AlGaAs heterostructure [14]. The 2DEG was
aligned parallel to the external magnetic field, and the
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Hall bar was used to detect the perpendicular compo-
nent (only) of the magnetic field arising from the sample
magnetization. The external magnetic field was swept at
a constant rate of 1.88× 10−3 T/s.
For different temperatures between 0.24 K and 0.88 K,
Fig. 2 shows the first derivative, ∂M/∂H , of the magne-
tization M with respect to the externally applied mag-
netic field H [15]. The maxima occur at magnetic fields
corresponding to faster magnetic relaxation due to level
crossings on opposite sides of the anisotropy barrier. In
the temperature range of these measurements, maxima
are observed for N = |m +m′| = 5 through 9. Consid-
erable structure associated with different pairs m,m′ is
clearly seen within each step N , with a transfer of “spec-
tral weight” to higher values of m′ deeper in the well as
the temperature is reduced. For sufficiently low temper-
atures, the curves do not depend on temperature and the
tunneling takes place from the lowest, ground state of the
metastable well.
The tunneling appears in the form of two distinct fea-
tures, one centered about the magnetic field correspond-
ing to tunneling from the lowest state m′ = −10 of the
metastable well, and a second feature associated with
thermally-assisted tunneling from all the higher energy
levels, m′ = −9,−8, ..... We have been unable to sepa-
rate this broad line into a superposition of Gaussians or
Lorentzians centered at the magnetic fields correspond-
ing to excited state level crossings. We note that the
differences between the magnetic fields for the different
level crossings within a given step are quite comparable.
For example, for step N = 7, tunneling maxima asso-
ciated with m′ = −10,−9,−8,−7, ..... are expected at
magnetic fields 3.629, 3.478, 3.352, 3.251.... T, so that the
differences ∆H are 0.151, 0.126, 0.101, .... T. If one can
resolve ground-state tunneling, one should expect to re-
solve the excited state levels as well. Instead, a single
feature corresponding to thermally assisted tunneling re-
mains distinct from the ground state: it shifts gradually
to the right toward higher field as the temperature is re-
duced, becomes a shoulder on the low-field side of the
ground state peak, and ultimately merges with it.
The progression can be examined in detail in Fig.
3, where the derivative of the magnetization with re-
spect to field is shown as a function of magnetic field
for three different temperatures. For each resonance,
N = ...5, 6, 7, 8...., the two vertical lines denote the mag-
netic fields corresponding to tunneling from the first ex-
cited state, m′ = −9 (dotted line), and the lowest state,
m′ = −10 (solid line). At 1.05 K, shown in Fig. 3 (a),
the tunneling occurs neither from the ground state nor
from the first excited state. Instead, the three maxima
associated with the N = 6, 7, 8 resonances are probably
due to a superposition of tunneling involving thermal ac-
tivation to higher states in the well (m′ = −8,−7, ..).
The tunneling at 0.88 K, shown in Fig. 3 (b), takes place
at magnetic fields corresponding to the ground state for
steps N = 5 and N = 6, some magnetic relaxation be-
gins to appear at the first excited state for N = 7, and for
N = 8 and 9 there is tunneling only from m′ = −9 while
ground state tunneling from m′ = −10 has disappeared.
At the lowest temperature of 0.24 K, all tunneling oc-
curs from the ground state in the field range of these
measurements, as shown in Fig. 3 (c).
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FIG. 3. The derivative of the magnetization with re-
spect to field versus magnetic field at three different
temperatures, as labeled. Pairs of vertical lines are
drawn for each resonance N corresponding to the mag-
netic field for tunneling from the first excited state
m′ = −9 (dotted line at the lower field) and from the
ground state m′ = −10 (solid line at the higher field).
Based on extensive data taken for a closely-spaced set
of temperatures, Fig. 4 shows a region of the H−T plane
where tunneling proceeds from the ground state only and
a region where tunneling occurs from excited states only,
separated by a crossover region where magnetic relax-
ation involves both ground state and thermally activated
tunneling. The four points shown in the figure denote the
crossover temperature and field where the two peaks in
the ∂M/∂H curves have the same amplitude for a given
step number,as illustrated in the inset for step N = 7.
The line connecting the points in the main part of Fig. 4
denotes a boundary (of finite breadth) between thermal
activation and ground state tunneling. A full mapping
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of the boundary will require data for a broader range of
sweep rates (slower sweep rates for the high-temperature
low-field region, and faster rates for the high-field low-
temperature regime). Thus, the diagram of Fig. 4 shows
that as the magnetic field is increased at a fixed rate
at constant temperature, no ground state tunneling is
observed at any magnetic field for temperatures above
≈ 1.05 K; at lower temperatures, ground state tunnel-
ing is observed for the lower-numbered resonances, with
a shift to thermally-assisted tunneling occuring at higher
magnetic fields.
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FIG. 4. Boundary in the H − T plane separating a re-
gion where tunneling proceeds from the ground state
only and a region where tunneling occurs from excited
states only. For each value of N , the dotted line de-
notes the magnetic field for tunneling from the first
excited state, m′ = −9, and the solid line denotes the
field for tunneling from the ground state, m′ = −10.
The four points denote the crossover temperature and
field where the two peaks in the ∂M/∂H curves have
the same amplitude for a given step number; this is il-
lustrated for N = 7 in the inset. The line connecting
the four points in the main part of the figure denotes
a boundary (of finite breadth) between thermal activa-
tion and ground state tunneling. Horizontal lines are
drawn corresponding to the three temperatures shown
in Figs. 3 (a), (b) and (c).
We now arrive at the enigma referred to in the intro-
duction. Examination of resonance N = 7 at the three
temperatures illustrated in Fig. 3 shows that tunneling
proceeds entirely from the excited levels at T = 1.05 K
with no discernible contribution from the ground state,
while the tunneling at the two lower temperatures is en-
tirely due to ground state tunneling for N = 7. The
enigma is that ground state tunneling appears to be ab-
sent at the higher temperature. Similar behavior is found
at every other step. One should bear in mind that al-
though the population of the excited states is exponen-
tially sensitive to temperature, n = n0e
−E/kT , the pop-
ulation of the ground state, ngr = n0[1 − e
−E/kT ] ≈ n0,
at any low temperature, T < TB. The spin population
of the lowest level in the metastable well is therefore es-
sentially the same at 1.05 K, 0.88 K and 0.24 K, and if
tunneling occurs from the ground state at the lower tem-
peratures, it should also be observable at 1.05 K. One
could understand the absence of ground state tunneling
at stepN = 7 at 1.05 K if relaxation at lower fields had ef-
fectively depleted the out-of-equilibrium spin magnetiza-
tion, so that the system has relaxed to near-equilibrium.
However, as the magnetic field sweeps beyond the field
corresponding to ground-state tunneling at N = 7 at
1.05 K, a sizable maximum develops at the next reso-
nance N = 8, indicating that an appreciable fraction of
the spin magnetization is still out of equilibrium and is
available to relax instead at the next set of level crossings
at N = 8.
Chudnovsky and Garanin [16,17] recently suggested
that there is a broad distribution of tunnel splittings in
Mn12-acetate crystals. Within their model, this arises
from a locally varying second-order transverse anisotropy
which, although forbidden by tetragonal symmetry in the
perfect crystal, is present in real crystals of Mn12-acetate
due to dislocations. The tunneling rate of the magnetic
molecules varies from point to point, with some relaxing
very rapidly and others quite slowly.
Regardless of the physical origin, a broad distribution
of tunnel splittings provides a resolution to the enigma
discussed above. At any particular resonance, (N,m′),
some fraction of molecular clusters have tunnel split-
tings that allow them to relax with a reasonable prob-
ability, while other molecules with much smaller tun-
nel splittings have relaxation rates that are sufficiently
slow that they cannot tunnel. In the example discussed
above where ground state tunneling is missing at N = 7,
molecules that belong to the “fast”-tunneling portion
of the distribution relax; if the temperature is high,
they tunnel by thermal activation to excited spin-states,
N = 7,m′ = −9,−8, ..., depleting the magnetization of
the “fast”-tunneling magnetic clusters so that no mag-
netization remains that can relax from the ground state
N = 7,m′ = −10. Meanwhile, the magnetic centers that
have small tunnel splittings remain in the metastable po-
tential well at step N = 7, and tunnel instead at the
next resonance N = 8 (or higher) when the magnetic
field is now larger and the potential barrier commensu-
rately lower. In this way, a broad distribution of tunnel
splittings and tunneling rates provides a natural explana-
tion for the fact that ground state tunneling is absent in
some circumstances even though a substantial amount of
out-of-equilibrium magnetization remains in the system.
The experimental observation that ground state tun-
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neling is occasionally absent under conditions when one
would expect it to be present was recently analyzed
quantitatively by Garanin and Chudnovsky [17] in terms
of a dimensionless parameter x(m′, N, v, T ) which de-
pends on the resonance m′, the step number N , the
magnetic field sweep rate v, and the temperature T .
It was shown in Ref. [17] that for a broad distribu-
tion of tunnel splittings the m′ resonance can be ob-
served in a field-sweep experiment only if the condition
x(m′, N, v, T ) < x((m′ + 1), N, v, T ) is satisfied. Other-
wise, the molecules which would cross the barrier at the
m′ resonance have been depleted at the (m′ + 1) reso-
nance. For a given m′ and N this condition may or may
not be satisfied depending on sweep rate v and the tem-
perature T . A detailed comparison with theory will be
published elsewhere.
The enigma of the “missing” ground state tunneling
provides support for the presence of tunnel splittings that
vary from molecule to molecule in Mn12-acetate. Ground
state tunneling is strongly affected by such a wide distri-
bution of tunnel rates within the crystal. Applications of
molecular nanomagnets as qubits will therefore require
the use of isolated individual magnetic molecules.
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